Context: Diabetic patients are at high risk for microvascular complications of disease such as diabetic retinopathy (DR) and diabetic neuropathy. Imaging the retinal microvasculature offers a chance to measure quantitatively the microvascular changes in diabetic patients' onset and progression. However, the relation between retinal biomarkers and diabetic risk factors is unclear in Chinese hospitalized type 2 diabetic patients. Aims: To examine the associations of retinal vascular tortuosity with risk factors of type 2 diabetes and diabetic retinopathy in Chinese hospitalized patients. Patients and Methods: Our cross-sectional study includes 504 participants with type 2 diabetes hospitalized in the department of endocrinology in Shengjing hospital, Shenyang, China. Patients' socio-demographic, clinical and biological information was retrieved from their ID card, the interview, and the local hospital information system. Retinal photographs were taken by laser-scanning ophthalmoscopy of both eyes and checked if gradable for analysis. The weighted mean and standard deviation of tortuosity were calculated from the retinal photographs using a novel robust and fully automatic quantitative method. DR was assessed from the retinal photographs by the ophthalmologist according to the modified Airlie House classification into No DR and Any DR in our current study. Data were analyzed by SPSS Version 22 with Student's t test, Mann-Whitney U test, Chi-square test, and linear regression. Results:
tinal vascular tortuosity values. In univariable linear regression analyses, older age, longer duration, higher baPWV, higher urine microalbuminuria, higher urine albumin/creatinine ratio, diagnosed with high blood pressure, thrombosis or Any DR, were significantly associated with both higher tortuosity measures (all P values < 0.05). In multivariable-adjusted linear regression analyses, age and diabetes duration (all P values < 0.05) were independently and positively associated with both tortuosity measures, after adjustment for low-density lipoprotein (LDL), high-density lipoprotein (HDL) and high blood pressure. Furthermore, after adding some kidney failure factors, the urine albumin/creatinine ratio was also an independent risk factor of vascular tortuosity. These associations remained even after including or excluding the factor of DR. Conclusions: Retinal vascular tortuosity is independently associated with older age, longer duration, and higher urine albumin/creatinine ratio in Chinese hospitalized type 2 diabetic patients, regardless of the presence of DR. This suggests that retinal vascular tortuosity might be a successful early indicator of diabetic microvascular complications, like diabetic retinopathy and diabetic neuropathy, and that the precise quantitative measurement of retinal vascular tortuosity is an effective biomarker in the screening and assessment of diabetic microvascular complications.
Introduction

Background
The epidemic of diabetes is in an explosive increase worldwide, especially in developing countries. In China, according to the study of Hu [1] , the economic development and urbanization brought broad changes in lifestyle and led the fast rising trend of diabetes.
A recent study of Xu et al. (2013) reported the prevalence of diabetes is an alarming 11.6% in Chinese adults, and 50.1% have prediabetes [2] .
Diabetic patients are at high risk for microvascular complications of the disease such as diabetic retinopathy (DR) and diabetic neuropathy (DN) [3] . Diabetic retinopathy is found to be a leading cause of preventable blindness in working-aged people. In addition, diabetic nephropathy (kidney disease) is on the rise in China. Moreover, type 2 diabetic patients have a relatively short period before developing diabetic nephropathy compared to type 1 diabetes with 10 -15 years. Although the specific mechanisms underlying the pathology of these microvascular complications remain uncertain, screening for microvascular changes is essential. An easy and cost-effective way is digital fundus photography. The retinal microvasculature is the only part of the human circulation system available for direct and non-invasive optical observations, and offers an opportunity to measure quantitatively the microvascular changes in diabetic patients [4] , with a resolution far higher than MRI or CT.
Further recognition and exploitation of diabetes-associated changes in retinal microvasculature is promising. Many studies have demonstrated the increasing interest in one of the geometric features of the retinal microvasculature, retinal vascular tortuosity (curvature), which might not only be sensitive to early hemodynamic changes in diabetes, but also is more easily observable than other retinal vascular parameters [5] - [7] .
Previous Research
Prior studies showed that the relation between tortuosity and having diabetes is less consistent. One study conducted by Sasongko et al. found the retinal vascular tortuosity is positively associated with having diabetes [5] , while Cheung et al. showed a negative relationship [8] . This contradiction may be from the population difference including race, age, duration of diabetes and HbA1c.
A few studies have shown some associations between tortuosity and diabetes risk factors. Cheung et al. investigated retinal vascular tortuosity is positively associated with age, BMI and blood pressure [9] , Sasongko et al. found that retinal vascular tortuosity is associated with high HbA1c, even before the presence of retinopathy [10] . It suggests that changes in retinal vascular tortuosity may be an early pathology indicator before the clinical manifestation of diabetic microvascular complications. There has also been evidence showing that tortuosity is associated with diabetes microvascular complications, like diabetic retinopathy (DR) and kidney dysfunction [11] - [13] . However, these associations are not investigated in Chinese hospitalized type 2 diabetic patients yet. In addition, the quantitative measuring method of retinal vascular tortuosity, also for much smaller vessels, in our study was different from the way it was measured in prior studies [9] [10].
Objective
In this study, we aimed to investigate the associations between retinal vascular tortuosity, using a novel, robust, fully automatic and highly precise quantitative method in retinal fundus photographs taken by a laser-scanning ophthalmoscope, and a range of risk factors for diabetes and diabetic retinopathy, in a typical sample of Chinese hospitalized patients with type 2 diabetes.
Materials and Methods
Study Participants
The Shengjing Study is set up in November 2014, which is a cross-sectional survey of diabetic patients who were hospitalized in the department of endocrinology in Shengjing hospital in Shenyang, China. In this report, we selected 504 hospitalized type 2 diabetic patients who took the retinal photographs, gradable for analysis, between January 2015 and May 2015. Written informed consent from each patient was obtained.
Data Collection
Patients' demographic information such as name, date of birth, gender were obtained from the patients' identity (ID) card by a self-designed reader system. Other socio-demographic factors including patients' occupation, marital status, and the approximate date of diagnosis of diabetes were asked by interview and recorded in the same database as the ID card information. Diabetes duration was considered the period from diagnosis of diabetes by the retinal photographs taken.
The previous history of hypertension, thrombosis, cardiovascular disease, smoking history, drink history were available from the patients' hospitalized admission record of the hospital information system (HIS). Clinical results such as fasting blood glucose level, serum cholesterol, triglycerides, High-Density Lipoprotein (HDL), Low-Density Lipoprotein (LDL), creatinine, HbA1c, and urine microalbumin, acquired during the hospitalization, were also retrieved from the HIS. If one medical examination was performed multiple times, the results from the first test were used in the statistical analysis.
The patients' systolic blood pressure (SBP), diastolic blood pressure (DBP), and brachial ankle pulse wave velocity (baPWV) were measured with a non-invasive vascular screening device (model BP-203RPEIII, Omron Healthcare Europe B.V., Hoofddorp, the Netherlands). Body mass index (BMI) was calculated from weight (kg) divided by square height (m 2 ) from the record information before this examination. We took the blood pressure of the right arm for analysis. Retinal photographs were taken from both eyes by following a standardized protocol, e.g. nonmydriatic and fovea-centered, using an innovative and portable laser-scanning ophthalmoscope (SLO) camera (EasyScan, by i-Optics Inc., The Hague, the Netherlands). We assessed whether the photographs were gradable or not according to the quality criteria including the amount of noise in the photographs, the presence of artifacts, whether the algorithm was able to find the optic disc and whether it found enough vessels to calculate the tortuosity. The photograph of the right eye was used for analysis, but if it was not gradable, the photograph of the left eye was used.
Measurement of Retinal Vascular Tortuosity
Retinal vascular tortuosity is measured by a novel robust and fully automatic quantitative method developed by E. Bekkers et al. [14] . This brain-inspired method is based on the theory of best-fit exponential curves in the roto-translation group SE (2) developed by Duits, Franken and Janssen [15] - [17] , and, importantly, does not rely on explicit segmentation of the blood vessels. 2D images are lifted to 3D functions called "orientation scores" by adding an orientation dimension to the domain [18] . In this newly extended domain of positions and orientations (identified with SE (2)), we study the exponential curves whose curvatures are constant. At each location a curvature and confidence value are computed from tangent vectors of exponential curves that locally best fit the data [16] . Then these values are used to define global tortuosity measures from the histogram.
In this paper, two tortuosity features were calculated: the weighted mean (mean of absolute values) and the standard deviation of all the tortuosity values in one image. Tortuosity was taken for arteries and veins together [14] .
Detection of DR
Retinopathy was assessed from the retinal photographs by the ophthalmologist according to the ETDRS adaptation of the modified Airlie House classification [19] . Retinopathy was defined as at least 1 micro-aneurysm or hemorrhage in either eye. In the current study, only the classification with or without retinopathy of diabetic patients was evaluated.
Statistical Analysis
Descriptive analyses for participants' characteristics were performed, and expressed as mean ± SD for continuous variables, and number (percentage) for categorical variables.
Since not all the characteristics were known for all the patients, the total number of patients is bigger than the number of patients per characteristic.
We used Student's t test for continuous and normally distributed variables, the Mann-Whitney U test for continuous and skewed variables, and the Chi-square test for categorical variables to assess differences in means or proportions between type 2 diabetic patients with and without DR.
In the linear regression analysis, the weighted mean and the standard deviation of the tortuosity were regarded as dependent variables. Both of these variables were checked for normality using the Kolmogorov-Smirnov test. First, univariable regression analysis was performed with a general linear regression model. Furthermore, we constructed three models for the multivariable regression analysis: in model 1, the variables age, duration of diabetes, HBP, HDL, and LDL were added; model 2 additionally included the urine albumin/creatinine ratio, blood creatinine and DR; model 3 included all variables in model 2 after excluding subjects with DR.
All statistical analyses were carried out using IBM SPSS Statistics Version 22. The significant level for the above mentioned statistical analyses was set as α = 0.05, and a P value of <0.05 (two-tailed) was considered as statistically significant.
Results
Baseline Characteristics and Comparison of Parameters between DR Groups
A total of 504 hospitalized patients with type 2 diabetes attending the department of endocrinology in Shengjing hospital was studied. There were 270 males (57.6%) and 199 females (42.4%) with mean age of 51.4 ± 12.8 years and diabetic duration of 6.97 ± 6.57 years. 10.3% of the patients had cerebral vascular disease (CVD); 39.7% of patients were diagnosed with high blood pressure; 35.3% of patients were smokers; and 18.3%
were drinkers. Furthermore, the fasting glucose was 9.32 ± 3.45 mmol/L; and 34.3% of patients were with urine microalbuminuria >1.9 mg/dL; 27.8% of patients had a urine albumin/creatinine ratio >30.
Of all the patients, 386 (76.6%) were diagnosed with DR. Comparisons between the two groups (No DR and Any DR) revealed that patients with DR had older age, longer duration of diabetes, higher baPWV, higher SBP, higher DBP, and were more likely to have higher retinal vascular tortuosity values (weighted mean, standard deviation). In contrast, no significant difference was found between the two groups for HbA1c, BMI, cholesterol, fasting glucose, urine albumin/creatinine ratio, triglyceride, LDL, HDL, thrombosis, high blood pressure, smoking, and drinking (Table 1) .
Association of Individual Factors with Tortuosity
As shown in Table 2 , the univariable linear regression analysis for both the weighted mean and the standard deviation of tortuosity. Older age, longer duration, higher baPWV, and diagnosed with high blood pressure, thrombosis or Any DR were significantly associated with higher weighted mean and standard deviation tortuosity (all P values < 0.05). Moreover, we found that higher urine microalbuminuria and urine albumin/creatinine ratio significantly correlated with both higher tortuosity measures (all P values < 0.05). Table 3 and Table 4 showed the multivariable-adjusted linear regression analyses in three models. In model 1, patients with older age, or longer duration of diabetes had significantly higher tortuosity values both in the weighted mean and the standard deviation of tortuosity (all P values < 0.05), after adjustment for LDL, HDL, and diagnosed high blood pressure. In model 2, we added factors related kidney failure and DR to the variables of model 1. Higher tortuosity values were significantly associated with older age, longer duration, higher urine albumin/creatinine ratio (all P values < 0.05), while LDL was found negatively correlated with tortuosity. These associations remained even after excluding the factor of DR in model 3.
Discussion
In our current study, age, diabetes duration and urine albumin/creatinine ratio were independent risk factors of retinal vascular tortuosity, even after adjustment for HDL, LDL, high blood pressure, blood creatinine and DR.
Previous epidemiologic studies suggested an effect of age on retinal vascular tortuosity. Unlike Cheung et al. and Sasongko et al. [9] [10] finding a negative association between age and tortuosity, we demonstrated that age was positively associated with vascular tortuosity as an independent risk factor. This difference may come from the fact that Cheung's study was performed in a healthy population and Sasongko's study only included patients aged 12 -20 years with type 1 diabetes. Moreover, these studies were conducted in different ethnicities compared to our patients. It has been proven earlier [20] that differences exist between ethnicities in vascular tortuosity values. Longer duration was associated with higher tortuosity, even after adjustment for LDL, HDL, high blood pressure, blood creatinine and DR. This is in agreement with the study of Zoungas et al. who found that duration of diabetes is independently associated with micro-vascular complications [21] . This reveals that the duration of diabetes reflects the total glycemic control and risk factor exposure over time.
A high urine albumin/creatinine ratio was found to be associated with high vascular The tortuosity measures were found significantly higher in patients with DR, as in univariable linear regression analyses DR was significantly associated with both tortuosity measures. An experimental study in a galactose-fed rat model demonstrated a positive association between retinal vascular tortuosity and diabetic-like retinopathy [13] . Sasongko et al. also found that increased arteriolar tortuosity was associated with mild and moderate stages of DR [5] . Kristinsson et al. showed that patients with DR and diabetic macular edema had more tortuous retinal vessels [7] . Although the tortuosity measurement method in our study was different from the study by Kristinsson, similar associations were observed, which suggests that diabetic patients with DR are more likely to have tortuous retinal vessels. But in multivariable linear regression analyses, the association between tortuosity and DR disappeared, after adjustment for age, duration, HDL, LDL, high blood pressure, urine albumin/creatinine ratio and blood creatinine. In our current study, we could not calculate a tortuosity value for arteries and veins separately. If these measures would have been available, there could have been an association between tortuosity and DR independently.
Strengths of our study are: a novel robust and fully automatic quantitative method was used to measure retinal vascular tortuosity with high reliability, which has better accuracy than qualitative assessment by trained ophthalmologists; the retinal fundus photographs are taken with nonmydriatic, fovea-centered, by a laser-scanning ophthalmoscope (SLO) camera, which can avoid patients' uncomfortable feeling after dilation, and generates a high contrast between retinal vessels and their context. However, some limitations should also be noted. First, the patients in our study are hospitalized in one hospital, so they can only be regarded as a representative sample of severe type 2 diabetes. We should be careful with extrapolating the results to the whole type 2 diabetes population. Second, this cross-sectional study cannot provide temporal information on the association, so longitudinal studies are needed. In addition, DR assessment in our study is only divided into No DR and Any DR, which may eliminate some associations between tortuosity and a detailed grading of DR. Lastly, the tortuosity measures are performed in retinal arteries and veins together, which makes that we cannot evaluate the associations between tortuosity and factors in arteries and veins respectively. Given their different vessel wall physiology, these associations may be more significant and predictive.
Conclusion
In conclusion, we showed that quantitative measurement of retinal vascular tortuosity was independently associated with older age, longer duration, and higher urine albu-min/creatinine ratio in Chinese hospitalized type 2 diabetic patients, regardless of the presence of DR. These findings may offer new insights into early retinal microvascular changes and diabetic microvascular complications, like diabetic retinopathy and diabetic neuropathy. This fully automated cost-effective quantitative measurement method offers great potential in screening diabetic patients for microvascular complications.
